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ABSTRACT

In the work entitled “On the prediction of DNA-binding preferences of C2ZH2-ZF domains using structural models:
application on human CTCF” we present a new computational method to predict the DNA-binding preferences for
Cis2-His2 zinc finger (C2H2-ZF) protein-domains from their amino acid sequence or structure. The method uses
the structures of protein-DNA complexes to calculate a set of knowledge-based statistical potentials. Given the low
numbers of protein-DNA complexes with known structure, we supplement the set of structures with experimental
yeast-one-hybrid interactions of more than 170000 sequence-designed C2H2-ZF domains. We have implemented a
server to model the structure of any protein-DNA complex of this family and derive its theoretical Position Weight
Matrix based on the best scores of interactions calculated with the statistical potentials. The approach is validated
and applied to the human sequence of CTCF.
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DESCRIPTION

Knowing the DNA-binding preferences of transcription factors
(TFs) is foremost to understand gene regulation. Among TFs, Cis2-
His2 zinc finger (C2ZH2-ZF) proteins are the largest family in higher
metazoans [1] and in humans [2]. However, the DNA-binding
preferences for many C2ZH2-ZF proteins are still unknown [2]. Since
determining the DNA-binding preferences of TFs experimentally is
both expensive and time-consuming [2,3], computational methods
that complement experimental approaches can be very useful.

We use scoring functions based on structural and experimental
data, called statistical potentials [4], to predict the DNA-binding
preferences of C2ZH2-ZF proteins. Statistical potentials are scoring
functions obtained from the analysis of a set of reference structures
[5]. From this set of reference structures, we obtain frequencies of
contacts between amino acids and dinucleotides. These frequencies
are then used to calculate the statistical potentials by applying
the inverse of the Boltzmann equation [6]. When analyzing the

quality of protein structures, statistical potentials provide scores
depending on how similar their contact frequencies are to the
ones in the reference set [5]. In the case of C2ZH2-ZF, family we
derive specific statistical potentials as follows: The reference set
is constructed by collecting the structures of the members of the
C2H2-ZF family complexed with DNA. Given the fact that the
number of such structures is scarce and do not cover the entire
spectrum of pairs of “amino acid” with “nucleotide” contacts, we
complement the reference set with structural models of protein-
DNA interactions from bacterial one-hybrid experiments [4,7].
The resulting statistical potentials are used to predict DNA-binding
preferences of C2ZH2-ZF proteins from their amino acid sequence
as described by means of a Position-Weight-Matrix (PWM) (Figure
1) [4]. We evaluate the performance of our approach by comparing
the theoretical and experimental PWMs from bacterial one-hybrid
experiments [7] and from the JASPAR database [8].
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Figure 1: Scheme of the method. We display a partial model of the structure of human CTCF (C2H2-ZFs domains 6 to 11) binding a DNA molecule
and its predicted PWM. The forward strand, oriented to calculate the PWM, is colored in the ribbon-plate. At the bottom of the figure we show the
steps to extract contact frequencies between amino acids and nucleotides to construct the statistical potentials and its application to predict a PWM by
ranking the best scored DNA sequences (see further details in the original publication [4]).

Finally, we apply our approach to predict the binding preferences
of CTCF, a transcriptional repressor with a key role in genome
compartmentalization [9]. Since no available CTCF-DNA complex
structure covers the entire DNA-binding domain of CTCF, this
results in incomplete theoretical PWM predictions. To overcome
this limitation, we model almost the entire DNA-binding domain of
CTCEF: 10 out of 11 C2H2-ZF domains. The theoretical predictions
are significantly similar to the canonical DNA-binding motif of
CTCF between domains 4 to 8. Remaining domains correspond to
other binding motifs upstream and downstream of the canonical
binding domain [4], which has been described experimentally [10].

One strength of our method is that it provides more than one
PWM per TF. Over 50% of predicted PWMs are significantly
similar to their corresponding experimental PWM [4]. This means
that, by scanning a DNA sequence with a set of PWMs of a TF, we
can detect with higher reliability the binding site of a TF among
the regions enriched by several matches of PWMs. Having several
PWMs for one TF also implies that TFs might bind different
DNA sequences using different interacting conformations. Zinc
finger domains can interact with DNA in up to six different
ways (or binding modes), each of which changes the orientation
of the specificity residues of the finger with respect to the DNA
and resulting motif [11]. An example illustrating this observation
is CTCF, which displays different combinations of binding motifs
spaced by a variable number of nucleotides (10). Our method is fast
enough to be used in large collection of proteins containing C2ZH2-
ZF domains. Out of all the eukaryotic C2ZH2-ZF proteins in the
UNIPROT database [12], more than 70% of them can be analyzed
by our method. The results of our study are available at: http://
sbi.upf.edu/C2H2ZF_repo. Besides the examples presented in the
server, protein sequences containing the C2ZH2-ZF domains can be
submitted to derived structural models and theoretical PWMs.
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